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Method of and device for the compensation of variations of the main magnetic field during 
magnetic resonance imaging. 



The invention relates to a method of determining a compensation signal for the 
compensation of a temporally varying field strength of the main magnetic field of a main 
magnet of a magnetic resonance imaging device which also includes at least one gradient field 
coil for generating a gradient magnetic field and a magnetizable material which interacts with 
5 the magnetic fields of the device. 

Magnetic resonance imaging devices are known per se, for example for the 
imaging, by way of magnetism, of a body, such as the human body, or parts of a body. In 
literature such imaging is also referred to as "Magnetic Resonance Imaging (MRI)" or 
"Nuclear Magnetic Resonance (NMR)". 

10 A typical magnetic resonance imaging device, for example as known from 

United States patent 5,214,383, includes a receiving space for accommodating an object to be 
imaged. A steady or main magnetic field is generated in said receiving space by means of a 
magnet. In order to select a region to be imaged in the relevant object, one or more so-called 
gradient coils are provided so as to superpose magnetic field gradients on the main magnetic 

1 5 field. Generally speaking, the gradient field coils produce linear variations of the main 

magnetic field along the x, the y and the z axis of a cartesian co-ordinate system. In order to 
achieve resonance for nuclei in a selected body region to be imaged, there are provided one or 
more RF coils which are also capable of acting as a receiver for signals emitted by resonating 
nuclei. 

20 An important condition imposed on this type of imaging apparatus is that in 

operation the main magnetic field should be as uniform and constant as possible during the 
acquisition of imaging data. Fluctuations in the main magnetic field have a direct negative 
effect on the imaging accuracy of the device. 

For the detection of the generally comparatively slow variations of the field 

25 strength of the main magnetic field, taking place with a firequency of the order of magnitude of 
10 Hz or less, the cited United States patent 5,214,383 describes the use of a plurality of 
sensors for measuring the field strength variations. The gradient magnetic field superposed on 
the main magnetic field by the gradient field coils is zero only at the center of the magnet, so 
that this location represents the ideal position for the installation of sensors for measuring the 
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comparatively slow main magnetic field variations. In a device for magnetic resonance 
imaging, however, the center of the magnet is not available, because the center is situated in 
the receiving space for the object, for example the body of a patient to be examined. 

Therefore, it is a first object of the invention to provide a novel and improved 
5 method for determining a compensation signal for the compensation of variations of the field 
strength of the main magnetic field. 

In a device for magnetic resonance imaging of the kind set forth this object is 
achieved according to the invention in that at least one quantity which is characteristic of the 
temperature-dependent magnetic properties of the magnetizable material is determined, the 
10 compensation signal being provided on the basis of said quantity. 

The invention is based on the recognition of the fact that the magnetic 
properties of the magnetizable material of the device, such as the shim iron which is used for 
shimming the main magnet and/or magnetizable material which is used for magnetic shielding 
and with which the magnetic fields of the device interact, will change under the influence of 
15 heating during use. Such changing has several adverse effects, such as drift in the main 
magnetic field. A compensation signal which represents the variations in time of the field 
strength of the main magnetic field can be obtained by determining a quantity or quantities 
characteristic of such temperature-dependent variations. 

According to a preferred version of the method in accordance with the 
20 invention, the electric signal applied to the gradient magnetic field coil, or to each gradient 
magnetic field coil, is determined as the characteristic quantity. This version is based on the 
recognition of the fact that in practice the waveforms of the signals in the gradient field coil, or 
each gradient field coil, are accurately known, so that the thermal behavior of a gradient field 
coil is also known. This means that for a given gradient waveform, at which electric power is 
25 dissipated in the coil, the magnetic properties of the magnetizable material used therein or 
interacting therewith will vary in conformity with a given mathematical model because of 
induction effects such as eddy currents. The exact effect on the field strength of the main 
magnetic field can be calculated for a given quantity and configuration of the magnetizable 
material. This is possible notably when the main magnet is composed of superconducting or 
30 practically superconducting coils with a negligibly low power dissipation. When the main 
magnet itself includes a field coil which has a resistance which is not negligibly small with a 
view to power dissipation, the effect of the thermal behavior of the magnetizable material on 
the variation and the strength of the main magnetic field can be further determined by 
measuring a relevant fixrther quantity which is characteristic of the variations of the magnetic 



PHN 17 



.333 



3 08.10.1999 
properties of the magnetizable material, for example, the electric power dissipated in the main 
magnetic field coil. 

As opposed to prior art, the determination of the compensation signal according 
to the invention in principle does not require a separate sensor or sensors. However, in the 
5 context of the invention the use of sensors is by no means excluded. 

In another version of the invention, therefore, the temperature of the 
magnetizable material is measured directly as the characteristic quantity. Such a measurement 
is performed, for example by means of one or more appropriate sensors which need not be 
arranged in or at the center of the receiving space of the device. Such a temperature 

10 measurement offers the advantage that all effects contributing to the heating of the 
magnetizable material are cumulatively included. 

The method according to the invention also has a version in which the 
compensation signal is determined on the basis of a predetermined functional relationship 
between the temperature-dependent magnetic properties of the magnetizable material and the 

1 5 relevant characteristic quantity or each relevant characteristic quantity. 

It is notably when no direct mathematical relationship exists between variations 
in the main magnetic field which are due to variations of the magnetic properties of one or 
more of the gradient field coils, that according to another version yet of the method in 
accordance with the invention use can be made of a look-up table in which the relevant 

20 functional relationship is taken up. The input parameter is the measured characteristic quantity 
and whereas the output parameter is formed by the compensation signal or representations 
thereof In the case of main magnetic field coils which are not composed of superconductors, 
the main magnetic field can be compensated by controlling the electrical energizing of the 
main magnetic field coil by means of flie compensation signal determined in accordance with 

25 the invention. The main magnetic field can thus be kept constant without requiring the use of 
further compensation coils and the like. However, the invention can also be used for devices 
which are provided with supplementary coils, so-called Bo coils, for the compensation of 
variations of the main magnetic field. 

It can be demonstrated that in a device for magnetic resonance imaging there is 

30 no difference between the optimum result of an image when the main magnetic field and a 
main oscillator (synthesizer) are both extremely stable or when both vary in time in the same 
way. Most contemporary magnetic resonance imaging devices include a synthesizer whose 
frequency and phase can be adjusted. 
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According to a preferred version of the method in accordance with the 
invention, variations of the field strength of the main magnetic field are compensated for the 
imaging result in that during use the frequency of the RF oscillator means is adapted in 
conformity with the compensation signal determined. 
5 Instead of or in addition to the compensation of the frequency of the RF 

oscillator means and/or the main magnetic field, according to the invention it is also possible 
to provide a compensation signal whereby the final result, i.e. the information signal, can be 
compensated in respect of faults due to field strength variations. To this end, the compensation 
signal can suitably co-operate with processing means which deliver the ultimate information 
10 signal, so that compensation can be realized entirely on the basis of software. 

In accordance with the method of the invention, the variation of the field 
strength of the main magnetic field can be determined and compensated, if necessary, prior to 
a data acquisition period. Such compensation is generally considered to be adequate for slow 
variations of the main magnetic field, for example as caused by the slow rise or drop in 
15 temperature of the magnetizable material of one or more of the field gradient coils or the main 
magnetic field coil itself In the case of faster variations of the field strength of the main 
magnetic field, however, in conformity with the method of the invention the variation of the 
field strength of the main magnetic field can be determined and compensated, if necessary, 
one or more times during a data acquisition period. 
20 In addition to variations of the main magnetic field which are due to changing 

magnetic properties of the field gradient coils, other sources of disturbances having an effect 
on the field strength of the main magnetic field are also known in practice. 

Therefore, according to a further version yet of the method of the invention the 
compensation signal is co-determined by determination of variations of the field strength of 
25 the main magnetic field which are caused by one or more further quantities, including external 
magnetic fields, atmospheric pressure and vibrations exerted on the main magnet, the degree 
of compensation being determined on the basis of a relevant function which indicates the 
effect of a measured quantity on the main magnetic field. 

A compensation signal thus generated is capable of eliminating undesirable 
30 variations of the field strength, affecting the quality of the image, to a high degree. 

The invention also provides a device for magnetic resonance imaging, including 
a receiving space for accommodating an object to be imaged, a main magnet for generating a 
main magnetic field in the receiving space, at least one gradient field coil and at least one 
high-frequency (RF) coil, energizing means and control means for energizing and controlling 
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the main magnet, the gradient field coil and the RF coil, and processing means which are 
actively coupled to the energizing and control means in order to determine a compensation 
signal for the compensation of a temporally varying field strength of the main magnetic field, 
which device is characterized in that the processing means are arranged to carry out the 
5 method according to the invention as described above. 

The method according to the invention is suitable not only for use in 
conjunction with magnetic resonance imaging devices for, for example, medical applications, 
but essentially with any device which involves a main magnetic field and auxiliary magnetic 
fields which have magnetic properties which vary during operation, for example devices for 
10 spectroscopy. 

The invention will be described in detail hereinafter on the basis of a magnetic 
resonance imaging device and with reference to the accompanying Figures. 

Fig. 1 shows diagrammatically a device for magnetic resonance imaging 
according to the invention, 
15 Fig. 2 shows diagrammatically the determination of a compensation signal from 

various measured quantities in accordance with the invention, and 

Fig. 3 shows diagrammatically a typical signal series for data acquisition during 
magnetic resonance imaging. 

A device for magnetic resonance imaging as shown in Fig. 1 includes a 
20 receiving space 1 for accommodating an object, for example a human body, of which an image 
or a partial image is to be made (not shown). 

A magnet system 2 is provided so as to generate a steady magnetic field or 
main magnetic field B in the receiving space 1; it includes one or more steady field coils or 
main magnetic field coils which are composed of superconductors or conductors having a 
25 resistance which is not negligibly small in respect of power dissipation. A gradient magnetic 
field G can be superposed on the main magnetic field B in the receiving space 1 by means of 
gradient field coils 3 which may be arranged between the main magnetic field coils. Generally 
speaking, the gradient field coils 3 are arranged to produce a gradient magnetic field in the x, 
the y and the z direction of a cartesian system of co-ordinates. The z axis is then chosen to be 
30 coincident with the direction of the main magnetic field B. A given cross-section or slice 1 1 of 
the body in the receiving space 1 can be selected by appropriate control of the gradient field 
coils 3 by means of energizing means 4 which are capable of producing predetermined 
energizing signals such as current waveforms Ix,y,z. The magnet system 2 is energized by a 
power supply or energy source 5. 
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High-frequency (RF) coils 6 are provided so as to produce resonance of nuclei 
in the object in the receiving space 1. The RF coils 6 in the present embodiment also serve as a 
receiver for the detection of resonance signals originating from the object to be examined in 
the receiving space 1 . To this end, the RF coils 6 are coupled to an RF transmitter/receiver 7. 
5 Also known in practice are devices which utilize separate RF coils for the excitation of nuclei 
in an object and for the reception of resonance signals. 

The energizing means 4, 5 and the RF transmitter/receiver 7 are actively 
coupled to processing means 10 for the selection of a desired cross-section or slice 1 1 and for 
appropriate excitation thereof by means of an RF oscillator or synthesizer 19. The processing 
10 means 10 control display means 18 for the display of an acquired image. 

The gradient field coils 3 in the present embodiment are integrated with the 
shim iron 12 in order to keep the receiving space 1, being the inner bore of the magnet system, 
as small as possible so that the cost of the device remains as low as possible. The shim iron is 
used so as to "shim" the magnet system 2. 
15 Because of the integration of the gradient field coils 3 and the shim iron 12, but 

generally also because of the presence of any magnetizable material which is subject to the 
magnetic fields of the device and interacts therewith, for example an external magnetic shield 
13, there is the drawback that variations of the magnetic properties of the magnetizable 
material which are caused by temperature fluctuations cause variations of the field strength of 
20 the main magnetic field B. 

A field strength of the main magnetic field B which varies in time has an 
adverse effect on the quality of the image. 

In order to compensate field strength variations of the main magnetic field B, 
auxiliary magnetic field coils or Bo coils 8 are used in practice. Such Bo coils 8 are driven, via 
25 the processing means 10 and the energizing means 9, in such a manner that the Bo field 
compensates variations of the main magnetic field B as well as possible. 

The energizing signals Ix,y,z of the gradient field coils 3 are accurately known in 
the practice of forming an image of an object. Because the device itself and its immediate 
vicinity, i.e. the shield 13, are steady, the interaction between the gradient magnetic fields and 
30 the magnetizable material 12, 13, and hence the temperature variations therein which are due 
to induction, eddy currents etc., can be derived directly from the energizing signals Ix,y,z of the 
gradient field coils 3 in conformity with the idea of the invention. 

It is notably when the main magnetic field B is generated by a magnet system 2 
with magnetic field coils which have a resistance which is not negligibly low in respect of 
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power dissipation (development of heat), as opposed to superconducting coils, that the 
invention also proposes determination of the effect of such magnetic field coils on the 
variations in the magnetizable material 12, 13. To this end, the energizing signals of the 
energizing means 5 can be analyzed by means of the processing means 10 or, if desired, 
5 separate measuring means 17 may be used as indicated by means of dashed lines in Fig. 1. 

Instead of or as a supplement to the electrical determination of the temperature variation of the 
magnetizable material 12, 13, of course, the temperature of the shim iron 12 and possibly the 
shield 13 can also be measured directly by means of appropriate measuring means 14, for 
example a known temperature sensor. The foregoing is illustrated by the measuring means 15. 

10 The signal supplied by the measuring means 15 is applied to the processing 

means 10 in order to determine therefrom a compensation signal which is a measure of the 
variations in time of the main magnetic field B. 

When the effect of the varying magnetic properties of the magnetizable material 
12, 13 on the main magnetic field B is known, and also the iron content, the degree of 

1 5 compensation can be determined therefrom in order to keep the steady magnetic field B 

constant. In order to keep the main magnetic field B constant, the processing means 10 can 
suitably control the energizing means 9 for the Bo coils 8 on the basis of the compensation 
signal. 

However, it is alternatively possible to control the RF oscillator or synthesizer 
20 19 of the device by means of the compensation signal determined in accordance with the 

invention, i.e. to vary the frequency thereof, in such a manner that the variations in time of the 
main magnetic field B are followed. In order to achieve an optimum quality for the image of a 
magnetic resonance imaging device, the main magnetic field B as well as the oscillator signal 
should be as constant as possible or both should vary in time in the same way. 
25 The degree of compensation can be determined from a functional relationship 

which defines, in conformity with a mathematical or empirical model, the relationship 
between the temperature and the characteristic quantity determined which corresponds to the 
temperature. It is advantageous to use for this purpose a look-up table which is stored in a 
memory 16 which can be accessed by ttie processing means 10. 
30 Fig. 2 illustrates diagrammatically the formation of a compensation signal by 

the weighing (20) of a number of quantities. The block 27, denoted by the reference B(P), 
represents the relationship between the electrical properties of the signals in the gradient 
magnet field coils 3 in the magnet system 2, i.e. the dissipated electric power P (block 21) and 
the field strength variation due to the heating of the shim iron 12, the shielding 13, etc. 
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Block 28, B(T), represents the relationship between the directly measured 
temperature T of the magnetizable material, block 22, and the field strength variation of the 
main magnetic field B. 

Block 29, B(Ix,y,z), represents the effect exerted on the main magnetic field B by 
5 the temperature variations of the magnetizable material of the device which are caused by the 
current waveforms Ix,y,z in the gradient magnetic field coils 3, block 23. 

In addition to these quantities, the invention also proposes the determination of 
the effect of inter alia external magnetic fields Bext, the atmospheric pressure Patm, vibrations v, 
etc., by way of appropriate sensors or measuring means 24, 25, 26, respectively, and suitable 
10 transfer relationships which represent the effect of the measured quantity on the field strength 
of the main magnetic field B, that is to say Bo(Bext)30, Bo(Patm)31, Bo(v)32, respectively. These 
relationships can again be defined mathematically or by means of look-up tables or be 
implemented in the processing means 10. 

The compensation signal generated by the weighting means 20 can be used for 
1 5 compensating the main magnetic field B via the Bq coils 8 and/or for suitably adapting the 
frequency of the RF oscillator means 19. In the case of main magnetic field coils the 
influencing of the main magnetic field can also take place via the energizing means 5. 

According to the invention a further possibility for the compensation of the 
effect of variations of the main magnetic field B includes the generation of a compensation 
20 signal such that the corrections are made directly upon formation of the image signal. This 
means that intervention takes place directly in the image processing software, block 33. 

Because generally slow variations in time are concerned, the main magnetic 
field B can be measured each time at the beginning of a data acquisition period, compensation 
being performed, if necessary, as shown in Fig. 3. In order to enable measurement and 
25 compensation of faster variations, or in order to achieve an optimum imaging quality, 

evidently it is also possible to carry out the measurements and compensations one or more 
times during a data acquisition period. 

A typical data acquisition period may comprise different measuring periods or 
repetition times, consisting of the generation of an RF excitation pulse and the subsequent 
30 application of one or more gradient magnetic fields G, generally being Gx, Gy and Gz as 
diagrammatically indicated in Fig. 3. 

Adaptations of the magnetic field B via the Bo coils 8 and/or the frequency of 
the oscillator means 19 can be carried out, if necessary, each time during the period of a scan 
as indicated by the arrow Tc. 
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The method according to the invention as described above for use in a magnetic 
resonance imaging device can also be used in devices for spectroscopy and the like. 



